We report on the characterization of four HAWAII Hybrid Si CMOS detectors (HCD) developed for use as X-ray detectors as part of a joint program between Penn State University and Teledyne Imaging Sensors (TIS). Interpixel capacitive crosstalk (IPC) has been measured for standard H1RG detectors as well as a specially developed H2RG that uses a unique bonding structure. The H2RG shows significant reduction in IPC, as reported by Griffith et al. 2012 . Energy resolution at 1.5 & 5.9 keV was measured as well as read noise for each detector. Dark current as a function of temperature is reported from 150 -210 K and dark current figures of merit are estimated for each detector. We also discuss upcoming projects including testing of a new HCD called the Speedster-EXD. This prototype detector will have a low noise, high gain CTIA to reduce IPC and read noise as well as in-pixel CDS and event flagging. In the coming year PSU and TIS will begin work on a project to incorporate CTIA and CDS circuitry into the ROIC of a HAWAII HCD like detector to satisfy the small pixel and high rate needs of future X-ray observatories.
INTRODUCTION
Charge-coupled devices (CCDs) have long been the best option for X-ray imaging spectrometers. The technology has a high state of maturity and has been successfully implemented on numerous X-ray observatories (Chandra [1] , XMMNewton [2] , Swift [3] , etc.). CCDs however have several limitations; they require a large amount of power to operate, they are extremely susceptible to radiation and micrometeoroid damage [4] , [5] , and they have inherently slow read out speeds. Overcoming these limitations may prove critical to the success of future X-ray observatories (SMART-X [6] , GEN-X). With shrinking budgets it will be important for the next generation of astrophysical observatories to be cost effective and built to last. Reducing the power requirements of a proposed X-ray instrument can help reduce costs and increase detector area. Improving radiation hardness and decreasing the impact of micrometeoroid damage will be a major step in improving the longevity of future missions without deteriorating detector sensitivity. Improving detector response time helps increase the scientific capabilities of the instrument.
CMOS imaging detectors have the capability of improving on CCDs in all of the areas mentioned above. They have a dramatically reduced power consumption attributable to lower capacitance gate structures. As an example, the Swift-XRT uses 8.4 W to produce and drive the CCD readout signals. An H1RG Hybrid Si CMOS detector (HCD) and SIDECAR TM ASIC could provide faster readout with less than 100 mW power [9] . CMOS detector technology is also inherently more robust against both radiation and micrometeoroid damage. Radiation damage in a CCD can primarily be related to charge transfer efficiency (CTE) [7] . Charge must be transferred across numerous gates before being read out in a CCD. A CMOS detector only has one step of charge transfer, greatly reducing the effect of changing CTE on the efficiency of the detector. CMOS detectors can provide high read rates for bright and variable sources that CCDs have historically not been able to image well. While CCDs have worked well for X-ray astronomy in the past, future missions will need detectors with improved capabilities.
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There are currently several types of X-ray-sensitive active pixel sensors (APS) which utilize CMOS read out [8] , [9] . One type of hybrid CMOS detector (HCD) is being developed by Penn State University (PSU) and Teledyne Imaging Sensors (TIS). This APS is based on the TIS HAWAII Hybrid Si CMOS detectors (HCD) [10] , [11] , [12] . These detectors have an absorbing layer similar to CCDs; however, the readout is performed with CMOS technology. A schematic is shown in Figure 1 . The absorbing array is indium bump bonded to a read out integrated circuit (ROIC) layer that provides an electronics chain for each absorbing pixel. This design has the advantage of being able to optimize the two layers separately; typically the ROIC is optimized for read out speed and the absorber for quantum efficiency (QE). These detectors also have a large depletion depth, greater than 200 μm, and excellent QE from 0.2-15 keV. They are already available in large formats with up to 4k x 4k pixels and abuttable designs.
The PSU/TIS HCDs are currently the only next generation X-ray detectors with thick, fully depleted collection volumes required for good QE above a few keV. PSU has reported on numerous testing cycles of these detectors [13] , [14] , [15] . These detectors also have the potential to incorporate more readout architecture into the ROIC without the need to trade active detector pixel area for embedded electronics. For example, the current generation of detector being tested in the PSU lab has low-noise CDS and sparse read out circuitry in every pixel. 
RECENT RESULTS

Experimental Setup
PSU Test Stand
In this proceeding we report the results of measurements using four different TIS HxRG detectors, where the "x" refers to the size of the ROIC array. A more detailed explanation of these experiments and their results is given in [15] . The measurements were made using a test stand at PSU. The detectors are mounted in a light-tight vacuum chamber. The test chamber is evacuated to a pressure of less than 10 -5 Torr before the detector is cooled to temperatures of 150-210 K. The temperature is maintained with a precision of ±0.2 K. A room-temperature SIDECAR TM controller is used to provide clock and bias signals to the detector while performing chip programming, signal amplification, analog to digital conversion and data buffering. Signal processing and further amplification are performed with the TIS JADE-2 card.
The TIS JAC software package is used to control readout of the detector. We use the package to control the frame collection rate and reset scheme. Our data collection involves three detector resets followed by a "ramp" of image taking that may include 100 -400 consecutive images before another reset. Charge is non-destructively read out every 5.28 s. The raw ramped images are then processed using a software correlated double sample (CDS) algorithm.
An
55 Fe source was used to produce the 5.9 keV X-ray line for interpixel capacitance crosstalk and energy resolution measurements. An X-ray fluorescent source utilizing 210 Po as an alpha particle source to fluoresce an Al target was used to produce the 1.5 keV line for energy resolution measurements.
TIS Detectors
The Hybrid CMOS detectors studied in this experiment were all produced by TIS. The characteristics of each detector in the study are given in Table 1 . The first set of detectors tested were Hawaii-1RG (H1RG) type detectors, these detectors have an array of 1024x1024 pixels. Each of the H1RG detectors have a pixel pitch of 18 µm. A specially modified engineering grade H2RG detector was also tested. This detector has a 2048x2048 read out integrated circuit (ROIC) with 18 µm pitch pixels indium bump bonded to a 1024x1024 absorber layer with 36 µm pitch pixels. Only one ROIC pixel is bonded to each absorber pixel, creating an effective 36 µm pitch for the ROIC pixels.
To optimize these detectors for X-ray detection the first step is to apply an Al optical blocking filter in place of the antireflection coating. The aluminum filters are applied only to the H1RGs and have varying thicknesses, reported in Table  1 . An optical filter is typically required for detectors on X-ray telescopes because light from stars and other background sources will otherwise contaminate the X-ray images, but the optical blocking filters are typically deposited on a substrate that is mounted separately from the X-ray detector. Transmission curves at wavelengths from 180-1000 Å for the different aluminum filters are reported in [9] . 
Results
Interpixel Capacitance
Interpixel capacitance (IPC) is a phenomenon observed in HCDs, [8] , [16] , [17] , where a parasitic capacitance exists between neighboring pixels causing signal from a pixel with an X-ray event to be detected in neighboring pixels. We report IPC results here using what we refer to as the "paired pixel" technique. This method is sensitive to asymmetries between the (up/down) and (left/right) pixels with respect to the pixel where the X-ray interaction took place. To be counted an as X-ray, the events must first exceed a "primary threshold". A "secondary threshold" in the neighboring pixels is then used to remove split-pixel events (where the charge spreads from the central pixel to a neighboring pixel via charge diffusion). If any of the neighboring 8 pixels are above this secondary threshold then the event is counted as a split-event and excluded from the IPC calculation. A region cut was also applied to exclude events from regions of the detector known to have significantly different gain, such as the edges. The energy of the event was measured to confirm it as a 5.9 keV X-ray. Energy thresholds were set 4σ below the Kα peak and 4σ above the Kβ peak, where σ is the measured read noise.
To further remove split events from the IPC calculation we next introduce a standard deviation cut. The standard deviation of the nearest neighbor pixels is calculated. To pass the standard deviation cut, the standard deviation of the pairs of the (up/down) and (left/right) nearest neighbors must be less than 1σ of the value of the noise floor. This maintains the advantage of sensitivity to asymmetries between the paired pixels but further eliminates genuine split-pixel events from the IPC calculation. The energy resolution of the 5.9 keV line is 285 eV (4.8 %), [15] .
average IPC for the H2RG is 1.8 ± 1.0 % of the total neighborhood signal, which is approximately 2 % less than the (up/down) pixels and 7 % less than the (left/right) pixels of the best H1RG detector, H1RG-161. The modified H2RG is a significant improvement over the standard HCD pixel configuration regarding IPC and does not show an asymmetry between (up/down) and (left/right) pixels.
Energy Resolution
Energy resolution was measured at multiple temperatures between 150 -210 K with 5.9 and 1.5 keV X-rays. The energy resolution measurements for each detector are reported in Table 3 and vary from 285 -539 eV at 5.9 keV (150 K) and 156 -266 eV at 1.5 keV (150 K). Example spectra for the Al fluorescent source and the 55 Fe source are shown in Figure 5 . The fit for each spectrum is shown as a red solid line. The improved IPC characteristics of the modified H2RG allow us to use standard event grading techniques, selecting only single pixel events for this detector. Including split events, the energy resolution for H2RG-122 at 5.9 KeV is 443 eV (7.5 %). Using only single pixel events the energy resolution improves to 369 eV at 5.9 keV (6.3 %). It should be noted that the improved energy resolution is limited by the fact that H2RG-122 is an engineering grade device. The improvement in energy resolution demonstrates the effectiveness of reducing the IPC. Energy resolution measurements for each detector at different temperatures are reported in Table 2. Measuring energy resolution for the H1RG detectors presents a greater challenge due to IPC effects. Thresholds used in event grading were adjusted as a function of energy to reduce the effect of IPC on the energy resolution measurement. It was observed that the secondary threshold that minimizes energy resolution consistently decreases with energy for each H1RG detector. [15] contains a more detailed discussion of the analysis methods used for measuring energy resolution of the H2RG and H1RG detectors.
Read noise was measured for each detector and is reported in Table 3 . This was measured as an average of the pixel-bypixel standard deviation of 200 dark images at a temperature of 150 K. Values for read noise varied from 7 -16 e-. Table 2 . Energy resolution as a function of temperature and energy for TIS HCDs. 
Dark Current
Measurements of dark current were made between 150-210 K. The data were taken from 3x400 image ramps for different temperatures and detectors. The dark current results are reported in Table 3 . Our measured values were consistent with the TIS reported values for each detector. The dark current varied over a large range with H1RG-161 and H2RG-122 having the lowest values. These detectors were made with TIS proprietary processing techniques to reduce dark current compared to their earlier devices, [15] . Figure 4 shows dark current measurements at multiple temperatures for each detector. The upper portions of the curves fit the expected dark current relation given by equation 1. However, below approximately 180 K the dark current flattens out and a power law or constant must be added to the fit to account for this component. This contribution to the dark current can only be explained by two different dark current sources, where one at higher temperatures is likely caused by surface effects while the lower temperature dominated source may be due to a bulk dark current; this has also been observed by [12] . Unfortunately, with the limited data set it is difficult to draw any strong conclusions. The dark current figure of merit (DFM) is calculated at 293 K for each detector and reported in Table 3 . 3. FUTURE DETECTOR WORK
Speedster Testing
We have begun testing a new generation of detectors at PSU referred to as the Speedster-EXD. This detector implements more functionality into the pixel readout. An ultra-low noise, high gain CTIA amplifier design is used as the input amplifier. This amplifier should reduce the read noise and completely eliminate IPC in these HCDs. This CTIA has multiple gain settings and, with some proprietary technology, is expected to reduce the read noise to approximately 5 e -. The CTIA is followed by in-pixel CDS. This will reduce the 1/f noise and cancel CTIA reset noise. Perhaps most exciting is the addition of a comparator that samples CDS output and will trigger on any X-ray events so the detector can be operated in sparse read out mode. In this mode, only pixels with events are read out, allowing the highest possible readout speeds.
A 64x64 pixel detector with 40 μm pixels is currently being tested at PSU in the same test chamber used for the HxRG detectors. The detector is shown on the lab bench ( Figure 5 , left) and mounted in the chamber (Figure 5 , right).
Reducing Pixel Size
PSU and TIS have recently begun work to incorporate CTIA and CDS circuitry to HyViSI-like detectors with 15 μm pixels. The goal of this work is to satisfy both the small pixel and high rate needs of future X-ray observatories while achieving low noise, less than 4 e -, and large detector formats. A new prototype detector with a depletion depth of 300 μm and 128x128 pixel format will be produced. This detector will have the low noise, high gain CTIA as well as in pixel CDS on pixels smaller than 15 μm. It will also be capable of 1 ms frame rates for 20 x 20 sub-frames. Design of this detector is beginning this fall.
CONCLUSIONS
We have reported on the characterization of TIS H1RG detectors, along with a specially designed H2RG detector. Measurements of energy resolution at multiple energies were made. The best energy resolution of a 5.9 keV line was found to be 248 eV (4.2 %) with the effects from IPC contributing to high values. H2RG-122 has improved IPC characteristics but the improvement in energy resolution is limited by the fact that the detector is an engineering model with high read noise and response variations across the detector. With the modified H2RG using single and split pixel events we measure an energy resolution of 443 eV at 5.9 keV (7.5 %), but this improves to 369 eV (6.3 %) when only using single pixel events. The resolution at other energies and temperatures are reported in Table 2 . Read noise was measured and reported in Table 3 . We measured a low value of 7.1 e-(RMS).
Interpixel capacitance crosstalk (IPC) was measured for each detector using an average of single pixel events from an 55 Fe source. H1RG detectors were found to have IPC upper limits of 4.0 -5.5 % (up/down pixels) and 8.7 -9.7 % (left/right pixels). A clear asymmetry is observed in the IPC measured between pixels of the same row and pixels in the same column. H2RG-122 was expected to have lower IPC due to the increased distance between ROIC pixels, resulting in a reduced capacitive coupling effect. The H2RG-122 detector had an IPC of 1.8 ± 1.0 % and no measurable asymmetry, a clear improvement over the IPC for 18 µm pitch H1RGs. Building on the knowledge gained on this development cycle, PSU is now testing a 64x64 pixel detector referred to as the Speedster-EXD. The goal with this prototype is to eliminate IPC with a low noise, high CTIA and demonstrate inpixel event recognition. This capability allows the detector to be run in sparse mode where only pixels that contain Xray events are read out, enabling the detector to process approximately 100,000 X-rays sec -1 . Results for this test program should be reported on at the next SPIE meeting.
PSU and TIS will begin a development program this fall to incorporate CTIA and CDS circuitry into a HyViSI type detector. The prototype detector will be 128x128 pixel with pixels smaller than 15 μm. This detector will satisfy both the small pixel and high rate needs of future X-ray observatories while achieving low noise, less than 4 e -. Large formats, up to 4k x 4k, should be achievable.
For missions that require radiation hardness, low power, and fast readout, without the requirement for very low read noise or Fano-limited energy resolution, these hybrid silicon CMOS detectors are already an excellent choice (e.g., JANUS [15] ). For missions requiring these advantages, along with less than 4 e-read noise and small pixels (e.g., SMART-X [1] ), these detectors offer promise which can be realized with continued development.
